a b s t r a c t
The dermal-epidermal junction of human skin exhibits age-related remodelling, resulting in a flattened appearance and reduced surface area. Despite this, a paucity of information is available regarding which protein components change with advancing age. Here we report a significant reduction in the protein distribution of collagen IV (P < 0.0001), collagen VII (P < 0.001), collagen XVII (P < 0.01), integrin ␤4 (P < 0.001) and laminin-332 (P < 0.0001) in intrinsically aged skin. The functional implication of this altered protein composition appears to be loss of structural integrity and may, in part, explain the increased fragility of aged skin. In human skin, the dermal-epidermal junction (DEJ) joins and maintains the association of two very different tissue compartments: the cellular epidermis and the connective tissue-rich dermis. Ultrastructurally, the DEJ consists of four zones, characterised by the ubiquitous expression of distinct protein components. Basal keratinocytes abut this basement membrane, inserting a network of intermediate filaments into hemidesmosomes, characterised by integrin ␣6␤4 and collagen XVII expression. The basement membrane connects the epidermal keratinocytes to the dermis via anchoring filaments which traverse the upper lamina lucida (laminin-332) and connect the hemidesmosomes to the lamina densa (collagen IV and perlecan). From the lamina densa, anchoring fibrils (collagen VII) extend towards the papillary dermis and reach the dermal fibrillar collagen meshwork (Aumailley et al., 2006) . The complex network of interconnecting DEJ proteins and the finger-like projections of rete ridges help to provide skin with both structural integrity and mechanical stability (1, s1). However, with intrinsic skin ageing, the DEJ becomes significantly thinner (Vazquez et al., 1996) and exhibits a flattened appearance with a reduced surface area due to loss of rete ridges (s2). Hence, aged skin is less resistant to shearing forces and more vulnerable to injury (Kurban and Bhawan, 1990) . Despite such structural changes, * Corresponding author at: Stopford Building, Oxford Road, Manchester M13 9PT,
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few investigations have specifically identified which components of this region change with increasing age; we have therefore examined whether DEJ composition changes during human skin ageing. Skin biopsies were obtained from photoprotected buttock skin of Caucasian participants, stratified into two distinct age groups: a young group ranging from 18 to 30 years (mean age 23.4 years, SD 3.8 years, males n = 8; females n = 6) and an aged group ranging from 65 to 75 years (mean age 71.5 years, SD 3.6 years, males n = 6; females n = 8). In order to characterise the gross morphology of the skin from each volunteer, frozen sections were prepared and morphometric measurements of epidermal thickness, rete ridge depth and DEJ convolution were performed. Consistent with earlier reports of skin ageing, there was no statistically significant difference in epidermal thickness between the two age groups. However, when compared to the young group, the buttock skin of the aged individuals exhibited the characteristic flattened DEJ (P < 0.0001) and accompanying rete ridge shortening (P < 0.01; Supplementary Fig. S1 and Supplementary Table S1 ). Next, sections were immunostained for the major protein components found within distinct zones of the DEJ. Analysis of the immunostaining was performed by taking measurements of fluorescence intensity across a standardised line positioned across the region. In the aged cohort, a significant reduction in the distribution and intensity of immunostaining across the DEJ was identified for collagen XVII (P < 0.01), integrin ␤4 (P < 0.001), collagen IV (P < 0.0001), laminin-332 (P < 0.0001) and collagen VII (P < 0.001), as compared to the young cohort. However, perlecan was found to be unchanged as a result of intrinsic ageing, in agreement with a previous study (Oh et al., 2011) (Fig. 1) . We next used an Affymetrix ® microarray approach (s3) to examine whether intrinsic skin ageing is associated with changes in expression of DEJ protein-encoding genes. Collagen IV, collagen VII, integrin ␤4, laminin-332 and perlecan were all unchanged with advancing age, whereas the gene expression data for collagen XVII was close to, but not, significant (Table 1) .
Validation by real-time qPCR identified a significant increase in the mRNA encoding collagen IV (P ≤ 0.01; Supplementary Fig. S2 ; however, the other basement membrane components, including collagen XVII, remained unchanged with advancing age. This study demonstrates that it is not only morphological alterations that occur at the DEJ during intrinsic ageing, but perhaps more importantly, changes also occur in protein composition. Although alterations to DEJ components in photoaged skin have previously been well documented (Contet-Audonneau et al., 1999; Craven et al., 1997; Le Varlet et al., 1998) , it is now apparent that diminution of protein also occurs within all four zones of the DEJ in intrinsically aged skin. The lack of significant change in gene expression profile of the majority of DEJ components in intrinsically aged skin suggests that the DEJ is an essentially static structure with regard to turnover; although, the significantly increased expression of COL4 mRNA in aged skin may reflect an attempt by the tissue to maintain homeostasis in a degradative environment (s4). Morphological DEJ changes may also be driven by alterations to the components and/or organisation of proteins within the papillary dermis; whilst microfibrillar proteins such as collagen VI do not appear to change in response to ageing and photoageing (Watson et al., 2001 ), fibrillin-rich microfibrils are remodelled with advancing age and, as they intercalate via perlecan at the DEJ, may impart an effect on DEJ morphology (Watson et al., 1999) . Overall, the use of full-thickness skin biopsies for the examination of gene expression introduces a degree of insensitivity to the assay, since many DEJ components, such as COL4A and HSPG2, are not confined solely to this region but are also expressed at the basement membrane of the vasculature. Consequently, there may be profound changes at the DEJ which are masked by a lack of change in the remainder of the tissue, or vice versa. To overcome this insensitivity, laser capture microdissection of the region encompassing the basal keratinocytes, the DEJ and the upper papillary dermis may have the potential to yield more relevant results. Similarly, immunohistochemical analyses allow the DEJ to be examined in isolation and changes in protein distribution can be analysed without interference from any other compartments of the skin.
The functional implications of this altered protein composition at the DEJ would be expected to involve loss of structural integrity. In particular, the reduced deposition of collagen XVII at the DEJ in intrinsically aged skin may have similar functional consequences to those seen in the autoimmune disease bullous pemphigoid. This blistering condition mainly affects individuals aged over 70 years and occurs due to the production of antibodies against collagen XVII, causing detachment of the epidermis from the dermis at the level of the lamina lucida (Mutasim, 2003) . Changes to the DEJ, such as loss of membrane thickness (Vazquez et al., 1996) , flattening of the rete ridges and general disorganisation of the lamina lucida, lamina densa and anchoring fibrils, all contribute substantially to increased skin fragility in the aged population (Hatje et al., 2014) . Consequently, this weakened adhesion and loss of the protective mechanical function between the epidermis and dermis, predisposes aged skin to the formation of bullae, lacerations, non-healing atrophic ulcers, trauma and shearing injuries (or skin tears) (Hatje et al., 2014) . The term "dermatoporosis" has now been proposed to describe the different manifestations of extreme cutaneous fragility apparent in the skin of aged people (Kaya and Saurat, 2007) . The management of age-related skin conditions will continue to be a major healthcare challenge in the 21st Century and it is apparent that maintenance of the DEJ structure and composition is vital for cutaneous health in our ageing population.
